Turbulent Breakup of Non-Metallic Inclusions and Equiaxed Crystals During Solidification of a Hypoeutectic Al-Si Alloy by Lordan, E et al.
 
Journal Pre-proof
Turbulent breakup of non-metallic inclusions and equiaxed crystals
during solidification of a hypoeutectic al-si alloy
Ewan Lordan , Kun Dou , Yijie Zhang , Chrysoula Tzileroglou ,




To appear in: Materialia
Received date: 22 March 2021
Accepted date: 3 May 2021
Please cite this article as: Ewan Lordan , Kun Dou , Yijie Zhang , Chrysoula Tzileroglou ,
Alain Jacot , Paul Blake , Zhongyun Fan , Turbulent breakup of non-metallic inclusions and
equiaxed crystals during solidification of a hypoeutectic al-si alloy, Materialia (2021), doi:
https://doi.org/10.1016/j.mtla.2021.101114
This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
1 
 
Turbulent Breakup of Non-Metallic Inclusions and Equiaxed 
Crystals During Solidification of a Hypoeutectic Al-Si Alloy 
 
Ewan Lordan1*, Kun Dou1,2, Yijie Zhang1, Chrysoula Tzileroglou1, Alain Jacot1,3, Paul Blake4, and 
Zhongyun Fan1. 
 
1.- Brunel Centre for Advanced Solidification Technology, Brunel University London, Uxbridge, Middlesex, 
UB83PH, United Kingdom. 2.- School of Metallurgy and Environment, Central South University, Changsha 
410083, Hunan, China. 3.- Calcom ESI SA, Switzerland 4.- Jaguar Land Rover Automotive PLC, Coventry CV3 
4LF.  
 
*Corresponding author (E. Lordan) 




The breakup of agglomerates and bodies suspended in turbulent flows are important 
phenomena that influence many aspects of modern solidification processing. It is often 
assumed that breakup operates in high-pressure die casting, wherein molten metal is 
transported at high speed through a narrow orifice system. To test this assumption, X-ray 
tomography and electron backscatter diffraction mapping are used to characterise 
pores, inclusions, and primary 𝛼-Al grains in die-cast samples produced with different 
flow field intensities. Numerical simulations are performed in ProCAST (ESI Group) to 
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quantify the three-dimensional flow fields and to relate the derived quantities to 
breakage. Increasing the dissipation rate of turbulent kinetic energy is shown to induce 
a refinement of both non-metallic inclusions and primary 𝛼-Al1 grains nucleated in the 
shot chamber, a phenomenon which is ascribed to breakage. Several breakup mechanisms are 
discussed, with emphasis on the role of fluid turbulence. 
 
Keywords: Al alloys, casting, X-ray tomography, defects, mechanical properties 
 
1 Introduction 
The breakup of bodies and aggregates suspended in a turbulent flow are important 
phenomena that influence many aspects of commercial casting processes. For example, in melt-
conditioned direct-chill casting the de-agglomeration of oxide inclusions (e.g. native MgO 
particles in Mg alloys [1]) creates copious nuclei for heterogeneous nucleation of solidification, 
which leads to grain refinement [2]. Breakup may also play a prominent role in die-casting 
processes where defect-forming suspensions, such as gas bubbles [3,4] and oxide films [5], are 
readily transported by the bulk-liquid flow. Such defects adversely affect the fracture properties 
of die-cast structures by introducing considerable scatter in the material response [6].  
 
Extrinsic melt treatments are ubiquitously used in foundries to control liquid metal quality prior 
to solidification processing. These treatments typically utilise an external field to impart a force 
on the liquid, either directly by agitation [7,8] or indirectly through ultrasonic cavitation [9]. De-
agglomeration, in both cases, takes place by a process of erosion, in which particulate matter 
detaches from the agglomerate surface in response to an external stress [9,10]. Extrinsic melt 
treatments may not always be appropriate for the solidification process, e.g. in high-pressure die 
casting (HPDC) the benefits of melt treatment are somewhat nullified once the liquid is 
transferred into the shot chamber. Inside the shot chamber, some uncontrolled solidification 
takes place producing a multi-phase mixture consisting of up to 30 vol.% solid [11]. This 
multiphase fluid—which carries an array of defect-forming suspensions—is transported at high 
speeds through a narrow orifice system where it is subject to shear rates in the order of 104~105 
s-1 [12]. Once the cavity is full, a pressure of 30~100 MPa [12] is applied to the solidifying alloy to 
compress gaseous phases and to assist in the feeding of shrinkage strains. The shear rates during 
die-filling are of a similar magnitude to those found in melt-conditioning (105~106 s-1 [8]), where 
breakage has previously been evidenced [3,7,8]. This invites an obvious question: can fluid flow 
be manipulated in such a way as to promote breakage during the transportation of liquid 
metals? 




Previous studies on breakup in other solid-liquid [13-15] and liquid-liquid [16] systems 
have revealed how a turbulent field interacts with the disordered structure of an aggregate. An 
aggregate suspended in a turbulent flow is subject to a hydrodynamic 
stress that fluctuates intermittently [17]. Viscous forces act on external particles of the 
aggregate and propagate inwards through a series of inter-particle collisions, causing 
stress to accumulate in vulnerable branches of the aggregate [18]. When an aggregate 
is small, with respect to the Kolmogorov length scale, it rotates in the flow like a rigid 
body and no structural change is observed [13]. Breakup occurs when a turbulent oscillation is 
violent enough to generate an internal stress that exceeds the cohesive 
strength of the inter-particle bonds, releasing a small fragment of the aggregate into the liquid 
[14,15,17–20]. Several researchers posit that the shear rates during die filling are large enough 
to incite aggregate breakage [21], dendrite fragmentation [22] and bubble disintegration [4,21]; 
however, many of the ideas in these papers appear to be incomplete. In light of such claims, it 
would be interesting to investigate the effect of fluid turbulence on the size, shape, and spatial 
distribution of defects in die-cast materials. 
 
An in-situ study of turbulent breakup in metallic alloy systems is presently unfeasible. 
Liquid metals are opaque, preventing the use of optical techniques such as particle tracking 
velocimetry; synchrotron X-ray imaging does not possess the spatial or temporal requirements 
for a study of turbulence. One must, therefore, infer the existence of breakage from observation 
of the as-cast microstructure. In this work, X-ray tomography, unsupervised machine learning, 
and electron backscatter diffraction (EBSD) mapping are used to characterise pores, inclusions, 
and equiaxed grains in die-cast samples produced with different flow field intensities. Numerical 
simulations are performed in ProCAST (ESI Group) to quantify the three-dimensional flow fields 
and to relate the derived quantities to breakage. We demonstrate that higher flow field 
intensities promote breakage, enhancing the tensile properties of the casting. These findings 
present unique opportunities for both scientific and technological development, particularly in 
the sphere of die design. 
 
2 Experimental 
2.1 Specimen Preparation 
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LM24 alloy (8.09 wt.% Si, 3.11 wt.% Cu, 1.78 wt.% Zn, 0.86 wt.% Fe, 0.22 wt.% Mn, 0.16 wt.% Mg, 
and 0.04 wt.% Ti) supplied by Norton UK was used as a base material. The melt was degassed 
using a commercial rotary degassing unit and then manually poured into the shot chamber of a 
Frech 4500 kN locking force cold chamber HPDC machine. The pouring temperature, die 
temperature and shot chamber temperature were maintained at 680 °C, 200 °C, and 180 °C, 
respectively. Fig. 1 presents the two dies used to produce ASTM standard E8/E8M tensile 
specimens [23]. The two dies differ in their choice of runner system: one adopts a traditional 
runner system (TRS), the other employs a lean runner system (LRS) that accelerates the liquid 
through a contractile flow. The plunger kinematics were fixed during the experiments, with 
notable speeds of 0.3 ms-1 and 3.6 ms-1 for the slow-shot and die-filling stages, respectively. 
 
2.2 Tensile Testing and SEM Fractography 
Tensile tests were performed at ambient temperature using an Instron 5500 universal 
electromechanical testing system, in accordance with ASTM standard E8/E8M [23]. The gauge 
length and gauge diameter of the tensile specimens are 55 mm and 6.35 mm, respectively. 
Tensile data was recorded using a 50 mm extensometer with a ramp rate of 1 mm/min. 
Fractographic examinations were carried out using a LEO 1455VP (Carl Zeiss AG) scanning 
electron microscope (SEM) equipped with energy-dispersive X-ray spectroscopy (EDX). 
 
2.3 X-ray Tomography 
X-ray tomography was performed using a Xradia 410 Versa (Carl Zeiss AG) computed 
tomography system operated at 80 kV and 10 W; an isotropic voxel was defined with an 
approximate length scale of 3.5 μm. The VGSTUDIO MAX software suite (Volume Graphics 
GmbH) was used to visualise and analyse the three-dimensional volumes. An iterative surface 
determination was performed to isolate the material volume while compensating for local 
fluctuations in grey value. Quantitative measures of defect size and morphology were obtained 
using the VGDEFX Void and Inclusion Analysis module in VGSTUDIO MAX. A minimum volume of 
8 voxels was defined as a threshold for the analysis. Defects in this work are on average ~100 
μm in diameter. The voxel size of 3.5 μm is thus assumed to have a marginal effect on the 
characterisation of pores and inclusions in this work. 
 
2.4 EBSD Mapping 
Samples for EBSD were sectioned from the centre of the gauge length, transverse to the bulk 
flow direction. Samples were prepared to a 0.04 μm finish using standard metallographic 
techniques, and then subject to vibratory polishing for 40 min with a frequency of 90 Hz. EBSD 
was carried out on a Crossbeam 350 FIB-SEM (Carl Zeiss AG) equipped with an EDAX EBSD 
analyser (EDAX Inc.). EBSD data was acquired at 20 kV with a sample tilt of 70 °. Mapping was 
performed using the TEAM Software package (EDAX Inc.), for which a 152 x 120 μm region was 
analysed with a step size of 0.4 μm; this step size ensures a minimum of 6 pixels per grain width, 
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in accordance with previous studies [24]. After mapping, EBSD data was analysed in the OIM 
Analysis software (EDAX Inc.). 
 
2.5 Numerical Modelling 
 
The HPDC process was simulated using a finite element model developed under the ProCAST (ESI 
Group) software platform. Details of the modelling procedure are outlined in our previous paper 
[25]. In short, governing equations for mass, momentum, and heat (based on the enthalpy 
method) are solved in ProCAST [25]. The volume of fluid (VOF) method is used to monitor the 
evolution of the melt free surface [25]. Fluid turbulence is described using a standard 𝑘-𝜀 
turbulence model described in references [26–28]. Simulations were performed on finite 
element meshes generated for the TRS and LRS dies using geometrical models produced in 
AutoCAD (Autodesk Inc.). 
 
3 Results 
3.1 Tensile Properties 
Fig. 2 presents the tensile properties of specimens produced with the TRS and LRS dies; 95 % 
confidence ellipses are shown for two-dimensional normally distributed data. The tensile 
properties of LRS specimens are on average higher than those of TRS specimens. For example, 
average values of 4.0±0.7 % and 6.7±0.6 % are obtained for the tensile ductility of TRS and LRS 
specimens, respectively. The increase in tensile strength and 0.2 % proof strength is more 
modest in comparison, with average values of 270±19 MPa and 313±9 MPa, and 124±6 MPa 
and 137±7 MPa obtained for the TRS and LRS specimens, respectively. Similar trends have 
previously been reported by Gunasegaram et al. [21] for a wider range of flow field intensities. 
 
3.2 X-ray Tomography 
3.2.1 Inclusions 
Fig. 3 shows a visualisation of inclusions in the TRS and LRS samples, produced via X-ray 
tomography. Inclusion size was determined using the maximum Feret diameter method (the 
distance between two parallel tangential planes enclosing the largest dimension of the particle 
or void). Future reference to particle size will also imply use of the maximum Feret diameter 
method, with the diameter denoted by . Inclusions in the LRS sample are on average smaller 
than those in the TRS sample, with average diameters of 0.09±0.03 mm (max. 0.37 mm) and 
0.15±0.08 mm (max. 0.73 mm), respectively. However, the difference between the means is 
modest compared to that of the maximum values. Fig. 3(c) presents the probability distributions 
of inclusion size for the two materials. Although the modal values are relatively similar, there is a 
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marked difference in the tails of the two distributions. Inclusions in the LRS sample also possess a 
more compact morphology than those in the TRS sample, with average compactness values of 
0.28±0.12 and 0.20±0.11 obtained for each material, respectively. Here, compactness refers to 
the ratio     ⁄ , where    is the volume of the inclusion and    the volume of its enclosing sphere. 
Values of compactness lie between zero and unity, with low values indicative of irregular 
morphology. Regarding their spatial distribution, inclusions are more uniformly distributed in the 
LRS sample compared to the TRS sample. 
 
3.2.2 Porosity 
Fig. 4(a,b) shows a visualisation of pores in the TRS and LRS samples, produced via X-ray 
tomography; corresponding size distributions are shown in Fig. 4(c). The average pore sizes are 
relatively similar, with values of 0.08±0.02 mm (max. 0.28 mm) and 0.07±0.04 mm (max. 0.40 
mm) reported for the TRS and LRS samples, respectively. Pores in both samples are highly 
spherical, with average sphericities of 0.61±0.05 and 0.61±0.07 reported for the TRS and LRS 
samples, respectively. The spherical nature of these pores suggest that they originate from 
gaseous sources as opposed to solidification shrinkage [6]. Micropores in both samples are 
located towards the centreline flow, mimicking the shape of a conical screw. In contrast, large 
pores (0.2~0.4 mm) are randomly distributed in space, again implying gaseous origins: one 
would expect shrinkage pores to congregate in the central core [6]. 
 
3.3 Grain Size 
Fig. 5(a,b) shows inverse pole figure (IPF) maps for the TRS and LRS samples, produced via EBSD 
mapping. The grain structure appears to comprise a mixture of large dendritic primary 𝛼-Al1 
grains (30~150 μm) nucleated in the shot chamber, and smaller globular rosette primary 𝛼-Al2 
grains (3~10 𝜇m) nucleated in the die cavity. Such differences in size and morphology may be 
ascribed to the low cooling rates in the shot chamber (~10 Ks-1 [29]) compared to those in the 
die cavity (500~1000 Ks-1 [29]). Fig. 5(c,d) shows grain size distributions corresponding to the IPF 
maps in Fig. 5(a,b). Grain size distributions are often observed to approximate a lognormal 
shape, a phenomenon that has previously been ascribed to the time-dependent kinetics of 
crystal growth processes [30]. Accordingly, we present grain size in terms of its natural logarithm 
(i.e.    ). Both distributions are multimodal, an observation that is more pronounced in the TRS 
distribution than in the LRS distribution. Further discussion regarding grain size is deferred to 
Section 4.3. 
 
3.4 Numerical Modelling 
Numerical simulations were performed in ProCAST to quantify the three-dimensional 
flow fields and to relate the derived quantities to breakage. Fig. 6 compares the dissipation rate 
of turbulent kinetic energy (𝜀) along the flow path of the two dies. Higher levels of 𝜀 are 
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observed in the LRS than in the TRS. Moreover, the melt is exposed to this high energy flow for a 
prolonged period in the LRS due to its increased pipe length. In both dies, the melt experiences 
high 𝜀 just upstream of the orifice system, the intensity of which varies with position: the initial 
jets quickly traverse the length of the die, reaching the far wall before filling back towards the 
orifice system, impeding the flow of newly arriving fluid [31]. In the TRS die, high levels of 𝜀 are 
observed downstream of certain orifices, a phenomenon that is not observed in the LRS die. This 
is likely due to the abrupt orifice design in the TRS die (Fig. 1(b)). In contrast the LRS die employs 
a flow buffer (Fig. 1(d)) that dampens turbulence prior to die-filling. 
 
Fig. 7 compares the melt temperature in the two castings at the end of die-filling. The average 
melt temperature in the LRS casting is below the liquidus temperature of the alloy (614 ⁰C, 
calculated using a database supported by the ESI Group [28]); the lean geometry of the LRS is 
shown to promote heat extraction, leading to higher cooling rates during solidification. 
 
4 Discussion 
4.1 Statistical Modelling of Extreme Values 
4.1.1 The Generalized Pareto Distribution 
Although the average inclusion/pore sizes presented in Section 3.2 are relatively similar, there is 
a marked difference in the tails of the distributions. Accordingly, a peaks-over threshold 
approach was used to model tail data. We regard as extreme events those observations 
        that exceed some threshold  . Thus, for sufficiently large  , the distribution of 
threshold exceedances         is approximately 
 








for    0 and (     ̃⁄ )   0 [32]. The family of continuous distributions defined by equation 
(1) are collectively known as the generalized Pareto (GP) distribution. The GP distribution is 
parameterized by a scale parameter  ̃ and a shape parameter  . The shape parameter   controls 
the tail behaviour of the distribution:    0 implies an underlying distribution with a finite upper 
bound (   ̃  ⁄ );    0 gives a boundless distribution with a polynomially decreasing tail;    0 
is equivalent to an exponential distribution with rate   ̃⁄ . A suitable threshold   was 
determined for each data set using the threshold stability property of the GP distribution. 
Parameter estimates were obtained by maximum likelihood estimation using the Statistics and 
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Machine Learning ToolboxTM in MATLAB (Mathworks). The th-observation return level    was 
then obtained by inverting equation (1) for   (    |    )    ⁄ . 
 
4.1.2 Inclusions 
The GP function was used to model the upper tail of the inclusion size distributions shown in Fig. 
3(c). Diagnostic plots are provided in the supplementary material (Fig. S1 and Fig. S2); parameter 
estimates for the fitted distributions are shown in Table 1. The threshold   of the TRS 
distribution is significantly larger than that of the LRS distribution. There is also a notable 
difference in the tail behaviour of the two distributions. For example, the negative shape 
parameter    0.132 implies that the LRS distribution possesses a finite upper bound of ~0.49 
mm. In contrast,    0 implies that the TRS distribution is boundless. The return level plots in Fig. 
8 exemplify this disparity. Moreover, the 10th-observation return level     for the TRS 
distribution exceeds the upper bound of the LRS distribution. In fact, ~22 % of inclusions in the 
TRS material are larger than the largest inclusion in the LRS material (the return period  
associated with     0.49 mm is ~4.5 for the TRS distribution). 
 
Table 1 GP parameters used to model the upper tails of the inclusion size distributions shown in 
Fig. 3(c). 
 
    Mean    95 % Confidence Intervals  ̃       (mm) 
TRS -0.032 [-0.169; 0.106] 0.064 0.406 0.548 
LRS -0.132 [-0.276; 0.012] 0.031 0.214 0.290 
 
4.1.3 Porosity 
GP distributions were fitted to the pore size distributions shown in Fig. 4(c). Diagnostic plots are 
provided in the supplementary material (Fig. S3 and Fig. S4). Estimates of the GP parameters are 
shown in Table 2. Return level plots for the fitted distributions are shown in Fig. 9. Although the 
thresholds   are relatively similar, differences between the two distributions become more 
apparent as  increases (illustrated by the values of    ). Suppose these pores originate from 
gaseous sources, as per Section 3.2.2. It follows that the flow constriction in the LRS leads to an 
increase in pore size. Several researchers [4,21] assert the contrary, i.e. higher melt speeds result 
in a smaller pore size due to the dispersion of gas bubbles. However, these assertions assume 
that most of the gas bubbles are introduced prior to die-filling. When a bubble is placed in a 
turbulent field, it oscillates and deforms due to fluctuations of the local pressure gradient. 
Breakup occurs when the kinetic energy transmitted by a turbulent event is greater than the 
surface energy of the bubble [33]. Although the flow buffer in the LRS die (Fig. 1(d)) reduces 
turbulence downstream of the orifice, an appreciable increase in 𝜀 is observed in the gauge 
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length of the tensile specimens (Fig. 6). It is possible that either this 𝜀 is less than the critical 
value 𝜀     required for breakage, or that the filling times involved in HPDC (10~100 ms [34]) are 
too small to facilitate breakage inside the cavity. When 𝜀  𝜀    , or when the particle residence 
time is too short, turbulence may promote air entrapment and bubble coalescence, driving an 
increase in pore size. 
 
Table 2 GP parameters used to model the upper tails of the pore size distributions in 
Fig. 4(c). 
 
    Mean    95 % Confidence Intervals  ̃       (mm) 
TRS 0.103 [-0.074; 0.279] 0.017 0.109 0.166 
LRS -0.063 [-0.149; 0.024] 0.050 0.125 0.233 
 
4.1.4 Improvement in Mechanical Properties 
Significant improvements in tensile ductility were obtained by promoting turbulence in the 
runner system (Fig. 2)—but what causes this improvement? Few oxides were observed on the 
fracture surface of the tensile specimens, and when they were observed they were negligible in 
size (~50 µm); no other abnormalities were observed on the fracture surfaces of the tensile 
specimens. This indicates that oxides are not responsible for the low ductility of the TRS 
specimens. Comparing the return levels     obtained from the extreme value analysis (Tables 1 
and 2), an increase in 𝜀 is accompanied by a significant decrease in inclusion size and a moderate 
increase in pore size. Additionally, in both materials the value of     obtained for the inclusion 
size distribution exceeds that of the pore size distribution. This suggests that the observed 
improvement in tensile properties is due to a refinement of large inclusions in the LRS. Strain 
localises at these defects, causing failure to occur at stresses below the theoretical strength of 
the material. Thus, the joint increase in tensile strength and tensile ductility (Fig. 2) does not 
contradict strengthening theory: the theoretical strength of the material is constant. On a 
separate note, tensile ductility deteriorates more rapidly in the presence of a defect than tensile 
strength [6]. This explains why the increase in tensile strength (mean: +16 %) is less than that for 
tensile ductility (mean: +68 %). It also accounts for the relatively high strength of the alloys, 
despite the presence of inclusions and gas pores. 
 
4.2 Breakup of Non-Metallic Inclusions 
4.2.1 Gaussian Mixture Models 
Next, we discuss the mechanism by which inclusions are refined in the LRS. We begin by 
deducing the species of inclusions contained in the X-ray tomography data sets. The size and 
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morphology of an inclusion will vary depending on the local thermal and hydrodynamic 
conditions. In an unstirred melt, these features will fluctuate about some mean value unique to 
that species of inclusion. As 𝜀 increases, we suspect that breakage will induce both refinement 
and morphological change, i.e. inclusions will become smaller in size and more compact in 
morphology. Clustering is a canonical problem in unsupervised machine learning, in which query 
data is partitioned into groups, or clusters, based on similitude. In a Gaussian mixture model 
(GMM), clusters are modelled as a mixture of normal density components. The mixture density 
function is given by a weighted linear combination of the 𝑘- component densities [35]: 
 
 ( )   ∑𝛼  (  |     )
 
   
  
 (  |     )  
 
√(  ) |  |
   ( 
 
 
(    )
   
  (    ))  
∑𝛼   
 




where   is our  -dimensional feature vector and *𝛼       + denote the mixture weight, mean 
vector and covariance matrix associated with each component density  (  |     ), respectively.  
 
Multivariate GMMs were fitted to the inclusion populations shown in Fig. 3. An  -dimensional 
feature vector   was defined, with each row containing values for the diameter (D), compactness 
and mean grey value of a given inclusion. The mean grey value represents the attenuation of the 
X-ray beam averaged over all pixels of the inclusion. Parameter estimates for the GMM were 
obtained by expectation-maximization using the Statistics and Machine Learning ToolboxTM in 
MATLAB. Values of 𝑘 were determined empirically using the Akaike information criterion (AIC) 
and the Bayesian information criterion (BIC). Estimated AIC and BIC for the two inclusion 
populations are shown in the supplementary material (Fig. S5) and support the case of 𝑘   . 
Each mixture component is equivalent to a three-dimensional normal distribution with mean 
vector    and covariance matrix   , which may be visualised as an ellipsoid. In Fig. 10 each 
inclusion is assigned to one of three clusters according to its posterior probabilities, i.e. the 
probability that the data point belongs to a given cluster.  
 
4.2.2 Species of Inclusions 
So far, we have partitioned inclusions into three clusters based on their size, shape and 
attenuating behaviour. The question we wish to address is: what species of inclusions do these 
         
11 
 
clusters represent? Consider the mean vector of each component in the TRS mixture model: 
   〈               〉,    〈               〉,    〈               〉. Candidate 
inclusions must be of a comparable size to the mean diameter 𝜇  of the cluster; the morphology 
of these inclusions must also relate to the mean compactness 𝜇  of the cluster. Additionally, 
there must be enough atomic contrast between the inclusion and Al-matrix to produce a 
detectable increase in X-ray attenuation. The phase diagram (see Fig. S6 in the supplementary 
material) presents two intermetallic phases as candidates: 𝛼-Al15(FeMn)3Si2 and  -AlFeSi. In 
HPDC, two-types of 𝛼-Al15(FeMn)3Si2 phase precipitate during solidification: primary 𝛼-
Al15(FeMn)3Si2 phase forms in the shot chamber, exhibiting a polyhedral/Chinese script 
morphology (20 100 µm [36]); proeutectic 𝛼-Al15(FeMn)3Si2 phase forms in the die cavity, 
exhibiting a compact polyhedral morphology (3 20 µm [36]). The appreciable difference in size 
is due to the high cooling rates in the die cavity ( 1000 Ks-1 [29]) compared to that in the shot 
chamber ( 10 Ks-1  [29]). Clearly, the proeutectic 𝛼-Al15(FeMn)3Si2 phase is outside the spatial 
resolution of the X-ray tomography scan. Furthermore,  -AlFeSi phases are rarely observed in 
the two materials (see Fig. S7 in the supplementary material): this is attributed to the addition of 
Mn which acts to suppress the formation of  -AlFeSi [37]. 
Large non-metallic inclusions are also present in both materials; representative micrographs of 
these inclusions are shown in Fig. 11. EDX analysis revealed that these inclusions typically contain 
C, Na, S, Cl, K, and Ca—the latter two elements are of interest, as they fulfil the atomic contrast 
requirement for X-ray tomography. The fact that these inclusions contain K and Ca does not 
necessarily mean that they will be more attenuating than the aforementioned Fe-rich phases, 
particularly if these elements are distributed in a diffuse manner or if the inclusions possess a 
film-like morphology. Comparing the mean grey values 𝜇  of each cluster in the TRS mixture 
model (Fig. 10), inclusions in Component-2 (174) and Component-3 (176) are, on average, more 
attenuating than those in Component-1 (173). However, a more notable difference lies in the 
spread of the mean grey values within each cluster. For example, Component-1 and Component-
2 both exhibit a wide range of mean grey values (150 180) within a relatively small size interval 
(100 300 µm). Conversely, inclusions in Component-3 appear to attenuate in a more consistent 
manner, with the mean grey value observed to increase with an increase in inclusion size. This 
suggests that Component-3 represents a single species of inclusion, while Component-1 and 
Component-2 comprise a mixture of non-metallic inclusions and intermetallic phases.  
 
Oil-based lubricants are often applied to the plunger tip to prevent wear and seizure. 
Petrochemical or synthetic based additives are often added to base stocks to impart additional 
properties to the lubricant. Extreme pressure additives enhance lubricity in high-pressure 
environments, and often contain compounds of S or Cl [38]. Other additives, such as surfactants 
and thickeners, are also used in commercial lubricants, and often contain compounds of Na, K 
and Ca [39]. These elements are consistent with those in the EDX spectrum in Fig. 11. When 
molten metal is poured into the shot chamber, it reacts with organic compounds contained in 
the plunger lubricant to produce gaseous phases and a carbonaceous residue—this pyrolysis 
presents itself as a flame emerging from the pouring hole. It is possible that this residue is 
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entrained into the liquid during die-filling, materialising as non-metallic inclusions in the residual 
microstructure; however, further work is required to test this hypothesis. 
 
4.2.3 Influence of   on Breakage 
Previously, we narrowed our candidate inclusions down to primary 𝛼-Al15(FeMn)3Si2 phase,  -
AlFeSi phase, and non-metallic inclusions. Fig. 11 shows that these non-metallic inclusions vary 
significantly in both size (100 800 µm) and morphology (compact to highly irregular). Since high 
levels of 𝜀 are attained in both dies (Fig. 6), breakage should be evidenced in both materials. 
From Section 4.2.2, we infer that Component-3 is composed entirely of large non-metallic 
inclusions. Additionally, we infer that Component-1 consists of primary 𝛼-Al15(FeMn)3Si2 phase 
solidified in the shot chamber and fine non-metallic inclusions. Component-2 is expected to 
comprise a mixture of fine non-metallic inclusions and  -AlFeSi phases. Comparing the mean 
vectors of the two mixture models, an increase in 𝜀 is accompanied by a decrease in the mean 
diameter 𝜇  and an increase in the mean compactness 𝜇  of all three clusters—an effect which 
is most notable in Component-3. Additionally, the probability density contours in Fig. 12 show 
that the peaks of the LRS mixture model also move towards a region of higher compactness and 
lower diameter compared to the TRS model. In fact, the number fraction of inclusions in 
Component-1 of the LRS mixture model (0.65) is approximately double that of the TRS mixture 
model (0.32). Thus, increasing 𝜀 and/or the particle residence time leads to a refinement of large 
non-metallic inclusions and the production of small, compact particles. Since solidification 
conditions in the shot chamber were closely monitored, it is proposed that the production of 
fines is attributed to the breakup of non-metallic inclusions. This supposition is supported by the 
mean grey values observed in Component-1 (Fig. 10): although the number of inclusions with 
mean grey values in the range 150 160 remains relatively constant, an increase in 𝜀 is 
accompanied by a significant increase in the number of inclusions with mean grey values of 
160 180. It is proposed that these non-metallic inclusions break apart in a manner analogous to 
the fragmentation of solid aggregates [13,14] and highly viscous droplets [16] suspended in a 
turbulent flow. 
 
4.3 Crystal Fragmentation 
There is a growing consensus that grain size distributions in HPDC microstructures are bimodal, 
i.e. they comprise a mixture of large dendritic 𝛼-Al1 grains (30 300 µm [24,40]) nucleated in the 
shot chamber, and small globular-rosette 𝛼-Al2 grains ( 10 µm [40]) nucleated in the die cavity. 
Conversely, it is generally accepted that agitation of the liquid during solidification facilitates 
dendrite fragmentation, which leads to grain refinement and morphological change [41–45]. Wu 
et al. [22] suggest that intensive shearing of the liquid during die-filling expedites the 
fragmentation of primary 𝛼-Al1 crystals, leading to a high density of solid fragments in the liquid. 
If this is indeed the case, then surely grain size distributions in HPDC microstructures should be 
trimodal, rather than bimodal— i.e. they should comprise a mixture of primary 𝛼-Al1 grains, 
primary 𝛼-Al2 grains, and the fragmented dendrite arms of primary 𝛼-Al1 grains. This postulate 
forms the basis of the following discussion. 




Univariate GMMs were fitted to the grain size distributions in Fig. 5(c,d) to identify 
subpopulations within each data set. Estimated AIC and BIC are shown in the supplementary 
material (see Fig. S8) and support the case of 𝑘   , indicating that both grain size distributions 
are trimodal. Although the flow field intensity appears to have a negligible influence on 𝜇 , an 
increase in 𝜀 is shown to produce a significant decrease in 𝜇  (from 33.2 µm to 17.1 µm) and a 
modest decrease in 𝜇  (from 12.5 µm to 8.8 µm). Additionally, the number fraction of grains in 
Component-2 increases from 0.45 (TRS) to 0.70 (LRS). This may be interpreted as the 
fragmentation of large primary 𝛼-Al1 grains (𝜇 ) into more, smaller crystals (𝜇 )—in this 
framework 𝜇  represents primary 𝛼-Al2 grains solidified in the die cavity. The observed 
refinement of 𝜇  and 𝜇  may be explained by considering the liquid temperature at the end of 
die-filling (Fig. 7): higher cooling rates are attained in the LRS casting than in the TRS casting, 
which may inhibit the growth of both primary 𝛼-Al2 grains and fragmented 𝛼-Al1 crystals.  
 
We may divide dendrite fragmentation mechanisms into two broad classes, depending on the 
proposed driving force for breakage: those which rely on direct mechanical action of the 
hydrodynamic field to induce bending and subsequent fragmentation [41,42]; and those which 
depend on the induced movement of solute-rich liquid to destabilise the solid relative to the 
liquid [44,45]. Although there is compelling experimental evidence that primary 𝛼-Al1 crystals 
bend plastically during HPDC [24], this is not necessarily evidence for a mechanical mode of 
breakage—how can we ascertain that crystal bending occurs prior to breakage, as opposed to 
during the intensification stage when a pressure of 30 100 MPa [12] is applied to the solidifying 
alloy? Previous studies based on synchrotron X-ray imaging [46] have demonstrated that the 
induced flow of inter-dendritic liquid may destabilise the local temperature-concentration-
curvature equilibrium, leading to local remelting of the dendrite root. Adopting this framework, 
turbulent oscillations of the surrounding liquid may cause the local thermal and constitutional 
conditions to fluctuate intermittently, which may expedite the remelting process—the time scale 
of turbulence is likely to be smaller than that required for both thermal and constitutional 




1. A novel technique, based on X-ray tomography and unsupervised machine 
learning, is presented that partitions inclusions into clusters based on their size, 
shape, and attenuating behaviour. From this, one can deduce the species of 
inclusions contained in a material and perform quantitative analyses on the 
individual phases. 
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2. In a turbulent flow, large non-metallic inclusions are broken down into more, 
smaller particles with a compact morphology. Increasing the dissipation rate of 
turbulent kinetic energy is shown to promote breakage, leading to an increase in 
tensile strength (mean: +16 %) and tensile ductility (mean: +68 %). It is proposed 
that breakage occurs in a manner analogous to the rupture of colloidal 
aggregates and highly viscous droplets suspended in a turbulent flow. 
3. An increase in the dissipation rate of turbulent kinetic energy is also 
accompanied by a refinement of large primary α-Al1 crystals nucleated in the shot 
chamber. Grain refinement is ascribed to the fragmentation of incipient grains 
induced by turbulent oscillations of the surrounding liquid. 
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